The beneficial effect of surface photoreduction on the photoresponse of copper bismuthate is reported for the first time. A detailed photoemission spectroscopy study (PES) reveals that irradiation of CuBi 2 O 4 with hν ≥ 2.7 eV in an inert atmosphere leads to the formation of reduced surface Cu. Surface states associated with reduced Cu species induce a 0.35 eV downward band bending, which improves the charge carrier transport properties of this material as judged by a measured increase of the characteristic surface photovoltage (SPV) from 0.07 to 0.27 V. In connection with this PES study, improvements of up to 30% in the photoresponse are observed for CuBi 2 O 4 photocathodes that have been subjected to a visible light irradiation (100 mW/cm 2 white LED) in argon prior to photoelectrochemical performance testing using H 2 O 2 as an electron scavenger. The stability of reduced surface states and associated SPV under relevant reaction conditions has been further studied by near-ambient pressure PES. Results indicate that reduced surface states remain stable in the presence of Ar and methanol, but reoxidation of surface Cu occurs in the presence of oxygen, which decreases the measured SPV. Hence, this work establishes a direct relationship between the presence of reduced Cu at the surface and SPV of CuBi 2 O 4 , having important implications on its photovoltaic properties. A similar downward band bending is observed at the interface between CuBi 2 O 4 and a Cu thin film deposited by physical vapor deposition, which further highlights the importance of the Cu/CuBi 2 O 4 buried interface in photoelectrodes.
■ INTRODUCTION
The capture and conversion of solar energy into fuels via water electrolysis or CO 2 reduction are promising ways toward a more sustainable energy system. The core of photoelectrochemical solar fuels technologies includes a semiconductor photoabsorber with optimum photovoltaic properties, such as a band gap well within the visible light region and long diffusion lengths for photogenerated electrons and holes. Facile preparation and handling under standard atmospheric conditions make metal oxides desirable materials to incorporate in large-scale technologies, and as a consequence, many metal oxides are the subject of intense research in this field. 1,2 A great number of n-type metal oxides, which can function as photoanode materials, are available, and reports of performance improvements and insights into the origin of their behavior are frequent in the literature. 3 On the other hand, only a few p-type metal oxide semiconductors, which can function as photocathode materials, have been identified. The most promising p-type metal oxide semiconductors feature a series of copper(I)-based oxides such as Cu 2 O and complex oxides with delafossite-type structure like CuFeO 2 , 4, 5 CuAlO 2 , 6 and CuGaO 2 . 7 In general, the p-type behavior of these oxides arises from the hybridization of Cu 3d and O 2p valence states and the presence of Cu(II) impurities. In 2007, Arai et al. identified CuBi 2 O 4 , a Cu(II) metal oxide, as a potential photocathode able to promote the hydrogen evolution reaction under visible light irradiation. It was not until recently when Osterloh et al. 8 and Berglund et al. 9 provided a more comprehensive picture of the photoelectrochemical properties of CuBi 2 O 4 . Herein, we report new insights into the surface and interface chemistry of this material. In particular, we present a detailed study of the generation of reduced Cu surface species by a photoreduction process and how the Cu/ CuBi 2 O 4 interface influences the photovoltaic properties of CuBi 2 O 4 .
CuBi 2 O 4 (CBO) has an optimal bandgap energy of about 1.8 eV as well as an exceptionally positive photocurrent onset potential and flat-band potential, i.e., >1 V vs reversible hydrogen electrode (RHE) and ∼1.3 V vs RHE, respectively, which make it an ideal candidate for the absorber in photoelectrochemical devices. 9 Photocathodes based on this material have been shown to generate photocurrent densities on the order of −1.0 mA/cm 2 at 0.0 V vs RHE with a faradaic efficiency for the hydrogen evolution reaction of ∼91%. 10 CuBi 2 O 4 has been shown to possess a 0.225 V positive surface photovoltage when irradiated with photons of energy hν > 1. 8 eV, which confirms holes as majority charge carriers, consistent with its p-type behavior. 8 In the same study, DFT calculations identified Cu vacancies as the defect responsible for the p-type conductivity in CuBi 2 O 4 . Despite the various desirable properties, photocathodes made from CuBi 2 O 4 have not been shown to have high photoconversion efficiencies. The main drawbacks limiting the performance of this material are that it is not stable against photocorrosion when it is in contact with aqueous electrolyte, and it has poor charge carrier transport properties. 8−10 This indicates that for CBO-based photoelectrode the development of a suitable protection overlayer is as important as the photoabsorber itself. Ideally, a multifunctional overlayer should not only protect but also promote the photovoltaic properties of CuBi 2 O 4 . To realize such ideal systems, the surface/interface chemistry and how it relates to the intrinsic photovoltaic properties must be addressed. TiO 2 -based protection layers have become a general approach to increase the stability of many highly active but unstable photocathodes such as p-Si, 11 p-CuO, 12 and p-InP. 13 However, improving charge carrier transport properties has to be addressed with more specific material engineering approaches. In the case of CuBi 2 O 4 , p-type doping with Ag(I) and gradient Cu-vacancy doping have been shown to improve its performance as a photocathode. 10, 14 In general, these material engineering approaches aim at extending the space charge region (SCR) within the semiconductor and introducing a more pronounced band bending, which increases the driving force for charge carrier separation and transfer. Surface and interface chemistry may also induce band bending in semiconductors and thus influences the charge carrier dynamics within the SCR. 15 In a recent study, it was found that Cu-doped NiO acts as a selective contact for hole transport in CuBi 2 O 4 electrodes, which brings about a substantial performance increase. 16 A detailed understanding of the surface chemistry of CuBi 2 O 4 will therefore contribute to the design of suitable contact and protection layers for photoelectrodes toward optimal performance.
Here, we report for the first time the beneficial effect of reduced Cu surface defects on the photovoltaic properties of CuBi 2 O 4 . The surface chemistry and energetics are investigated by an advanced photoemission spectroscopy study under relevant conditions of UV−vis illumination and chemical environment. Our results show that irradiation of CuBi 2 O 4 with hν ≥ 2.7 eV in an inert atmosphere leads to the formation of reduced surface Cu. This in turn induces a 0.35 eV downward band bending, which improves the charge carrier transport properties of this material as judged by a measured increase of the characteristic surface photovoltage (SPV) from 0.07 to 0.27 V. In connection with this PES study, improvements up to 30% in the photoresponse are observed for CuBi 2 O 4 photocathodes that have been subjected to a visible light irradiation (100 mW/cm 2 white LED) in argon prior to photoelectrochemical performance test, using H 2 O 2 as an electron scavenger. Similar downward band bending is observed at the interface between CuBi 2 O 4 and a Cu thin film deposited by physical vapor deposition (PVD) methods. Hence, this work establishes a direct relationship between surface reduced Cu and SPV of CuBi 2 O 4 , having important implications on its photoelectrochemical properties. This suggests metallic Cu is a functional electronic contact that may be included in protective overlayers for photoelectrodes based on CuBi 2 O 4 .
■ RESULTS AND DISCUSSION
A solution of copper nitrate and bismuth nitrate in acetic acid mixed in a 1:1 mole ratio was used to spin-coat fluorine-doped tin oxide glass (FTO) substrates. After drying in an oven preheated to 200°C, the coated substrates were annealed in an oven preheated to 500°C for 5 h (see the Experimental Section). After annealing, a single-phase CuBi 2 O 4 film on FTO substrate was obtained (see X-ray diffractograms of the films in Figure S1 of the Supporting Information). Films prepared this way were used as photocathodes. Figure 1 shows the linear sweep voltammetry scan under chopped illumination of an asprepared CuBi 2 O 4 photocathode (black line) and that of the same photoelectrode after being irradiated with a 100 mW/ cm 2 Xe lamp for 30 min under constant N 2 bubbling just prior the performance test (red line). A degassed solution of 200 mM sodium sulfate and 100 mM sodium phosphate buffer at pH 6.8 was used as the electrolyte with the addition of 50 mM 
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Article hydrogen peroxide (H 2 O 2 ) as an electron scavenger. H 2 O 2 was added just before the test, after the degassing and preirradiation.
An increase of about 28% of the photoresponse upon preirradiating the electrode can be observed, reaching 2.8 mA/ cm 2 at 0.6 V vs RHE, which is comparable with the current record photoresponse of CuBi 2 O 4 -based photoelectrodes: 2.83 mA/cm 2 . 16 The very fast kinetics for H 2 O 2 reduction minimizes any catalytic limitation at the surface of the electrode, which is evidenced by the absence of photocurrent spikes in the linear sweep voltammetry scan under chopped illumination for both as-prepared and preirradiated photoelectrodes. Therefore, the observed increased photoresponse can be ascribed to an increased ability of the material to absorb photons and/or separate photogenerated charge carries improving the photovoltaic properties of the material. Figure 1B shows Mott−Schottky plots of the CuBi 2 O 4 before and after being subjected to the irradiation preconditioning in degassed electrolyte. There is a small but reproducible decrease of the flat-band potential (V fb ) by about 60 mV, as determined from the linear extrapolation to 1/C 2 = 0 in the Mott−Schottky plot. 17 Provided −eV fb represents the position of the semiconductor Fermi level in case that the bands are flat, the recorded shift corresponds to a 60 meV shift of the Fermi level toward the conduction band of the CuBi 2 O 4 . Although such a shift of the Fermi level may be associated with a depletion of the acceptor levels, the associated change of slope of the linear extrapolation, expected according to the Mott−Schottky equation, is not observed. This suggests that the variation in carrier density within the space charge region probed by impedance spectroscopy is rather small as it is the shift in the Fermi level position. Figure S2 shows the UV−vis spectrum of a CuBi 2 O 4 electrode sample before and after irradiating the sample under inert gas with a 100 mW/cm 2 full spectrum Xe lamp. A Tauc plot analysis of both spectra indicates that the UV−vis absorption results from a combination of indirect and direct electronic transitions at 1.8 and 3.2 eV, respectively, which values are close to those reported in previous literature. 8, 9 In Figure S2 , it can be also observed that there are no significant changes of the spectrum upon preirradiation of the sample, which may rule out changes of the optical band gap as the origin of the observed improvement of the photovoltaic property of preirradiated CuBi 2 O 4 . Although surface modifications may occur upon irradiation, UV−vis absorption spectroscopy is bulk sensitive so that surface changes are likely to be obscured by the dominant unchanged bulk optical properties. To study surface electronic properties of CuBi 2 O 4 that can be associated with its photovoltaic characteristics beyond those estimated from the Mott−Schottky analysis, we performed an advanced photoemission spectroscopy (PES) study. Therefore, we modified our lab-based X-ray photoemission spectrometers to enable in situ UV/vis illumination of samples. The modified spectrometers included a near-ambient pressure (NAP-XPS) system (SPECS GmbH, Berlin), which allows PES studies under total pressures of O 2 , H 2 O, and Ar up to 25 mbar.
Effect of Illumination on the Surface Chemistry of CuBi 2 O 4 . Figure 2 displays the ultrahigh-vacuum Al Kα photoemission spectrum in the Cu 2p 3/2 and Bi 4f 7/2 regions of an as-prepared (no preirradiation) CuBi 2 O 4 electrode sample and that of the same sample after in situ irradiation for 1 h with a 625 nm LED (1.98 eV, 40 mW/cm 2 ), a 530 nm LED (2.34 eV, 10 mW/cm 2 ), a 455 nm LED (2.72 eV, 40 mW/cm 2 ), and a 365 nm LED (3.40 eV, 15 mW/cm 2 ).
The spectrum of the as-prepared sample features intense peaks in the Bi 4f and Cu 2p regions with maxima at 158.4 and 934.1 eVvalues which are well within the expected binding energy range for Bi(III) and Cu(II) cations, respectively. 18 The Cu 2p region also includes high binding energy satellites characteristic of Cu(II) (d 9 compound) and a weak low binding energy component that can be associated with reduced copper (Cu 1+ /Cu 0 ). 18 Although Bi 4s overlaps with Cu 2p, the contribution is weak (approximately 1/8 of the Cu 2p 3/2 intensity) and the peak is located at binding energies higher than 940 eV, 18 so that the overlap is mainly with the Cu 2p 3/2 satellite feature. For this reason we neglected the contribution from Bi 4s. The low concentration of the latter contribution makes it negligible compared to the error of ESCA. No significant spectral change occurs upon illuminating the sample with either 625 or 530 nm LEDs. However, irradiation with 455 or 365 nm LEDs brings about two significant changes to the spectrum: (i) there is a substantial increase of the reduced copper component in the Cu 2p region, and (ii) there is a shift of the core lines toward higher binding energy by about 0.35 eV. This indicates that a significant photoreduction process occurs when CuBi 2 O 4 is exposed to photons with energy larger than 2.7 eV, which is fairly larger than the band gap excitation of this material (1.8 eV). The observed photoreduction of CuBi 2 O 4 during illumination under UHV conditions can be 
Article related to a reductive photocorrosion this material is known to undergo when used as a photocathode in contact with aqueous electrolytes. 8, 9 Photocorrosion of CuBi 2 O 4 photocathodes has been found to be a result of photogenerated electron trapping in the conduction band minimum (CBM), which causes preferential reduction of Cu(II) cations due to the strong Cu 3d character of the CBM. 8 In this sense, it is interesting to find that although irradiation with 625 nm LED (1.98 eV) and 530 nm LED (2.34 eV) provides photon energies larger than the indirect band gap, photoelectrons resulting from these excitations do not seem to cause a significant photoreduction. This may be a result of the low light-absorption coefficients characteristic of indirect band gap excitation relative to direct band gap excitation due to a lower probability of a photon coupling to phonons during the excitation process. This leads to fewer excitation events occurring upon indirect band gap excitation and therefore a slower photoreduction process. However, as shown in the UV−vis spectrum of CuBi 2 O 4 in Figure S2 , there is a significant increase in absorbance at wavelengths ≤455 nm, which increases the rate of photoexcitation events and that of the photoreduction process. Similarly, the CuBi 2 O 4 photoresponse in terms of incident photon to current efficiency (IPCE) has been shown to be low at photon energies below 2.35 eV. IPCE increases sharply as the photon energy increases beyond 2.35 eV. 9 The core-level binding energy shift (ΔBE) in the CuBi 2 O 4 spectrum observed after 455 and 365 nm LED irradiation is given by
where Δμ is the change in Fermi level (i.e., chemical potential of the material), ΔQ is the change in the number of valence electrons on the photoemitting atom, K is a constant, ΔV M is the change in the Madelung potential, and ΔE R is the change in the extra-atomic relaxation energy caused by the screening of the core hole by metallic conduction electrons or by polarization of the surrounding media in the case of insulators. 19, 20 There is no change in the formal charge of O and Bi even after 455 nm LED irradiation, resulting in ΔQ ≈ 0. Similar shifts seen in the O 1s, Bi 4f, and Cu 2p peaks indicate that the change in the Madelung potential, which shifts anion and cation binding energies in opposite directions, is negligibly small as well. Core-hole screening by conduction band electrons is also considered to be negligibly small in transition metal oxides. 21, 22 Therefore, the common shift measured for the O 1s, Bi 4f, and Cu 2p core levels is largely due to a change in chemical potential, i.e., Δμ ≈ +0.35 eV. In the vacuum level scale, a positive shift of the Fermi level in the p-type CuBi 2 O 4 semiconductor (i.e., shift toward the conduction band of the semiconductor) is associated with a decreased concentration of acceptor states as a consequence of the photoreduction process. The reduction of CuBi 2 O 4 under irradiation is likely to be accompanied by the formation of electron donor defects such as oxygen vacancies, V O ·· , as described by the following reaction in Kroger−Vink notation:
Oxygen vacancy defects may be too deep in energy to promote n-type conductivity in CuBi 2 O 4 , as it is well-known to be the case in CuO. 23, 24 However, formation of oxygen vacancies would compensate for the acceptor level in CuBi 2 O 4 , which originates from Cu 2+ vacancies, 8 pushing the Fermi level to higher energy values, i.e., away from the valence band maximum. Because photoemission spectra are referred to the Fermi level as zero binding energy, the upward movement of the Fermi level results in a shift of the whole spectrum toward higher BE, according to eq 1. Figure 3 displays the Al Kα photoemission spectrum in the Cu 2p region of an in situ photoreduced CuBi 2 O 4 sample collected at normal emission and at 20°takeoff angle, which is a near-grazing emission angle. At near-grazing emission angles, the XPS probe is even more surface sensitive, resulting in a relative increase of the spectral intensity of features associated with surface species. As shown in Figure 3 , there is a larger relative amount of the reduced Cu component present in the spectrum at near-grazing emission angle, indicating that reduced Cu species are associated with surface states. This means that the electronic changes observed upon photoreduction are localized close to the surface, as illustrated in Figure 3 .
This surface electronic modulation has a small or negligible effect in the bulk electronic properties as suggested by the Mott−Schottky analysis presented above. However, surface reduced states formed upon photoreduction induce a pronounced downward band bending within a characteristic space charge region (SCR) as indicated in Figure 3 . Because of the near-surface probe characteristic of the XPS technique, <3 nm for Al Kα X-ray source (hν = 1486.6 eV), we observe the electronic levels of the near-surface region being the most 
Article depleted part of the SCR. This characteristic of the XPS technique has been effectively used to explore band bending phenomena in a wide range of semiconductors. 15 In general, a shift toward lower binding energy is observed in the XPS of a semiconductor that undergoes upward band bending, as in the case for n-type TiO 2 , 25 BaSnO 3 , 26 and SrTiO 3 , 27 whereas a shift toward higher binding energy is registered in the XPS of a semiconductor undergoing downward band bending, as for ptype InP. 13 It is reasonable to expect that the downward band bending generated upon surface photoreduction brings about an increase of the diffusion length of photogenerated charge carriers because there is a stronger driving force within the SCR for the minority carriers (electrons) to move toward the surface and holes to move into the bulk of the material via drift and diffusion. The change in surface potential induced by the redistribution of photogenerated electron−hole pairs within the SCR is known as surface photovoltage (SPV), and its measurement is a widely used method to study the minority carrier diffusion length of semiconductors. XPS is sensitive to the surface potential, and consequently XPS-based SPV measurements of semiconducting materials have been employed since the 1980s, using both synchrotron and laboratory-based equipment. 28−30 XPS provides a relatively easy means to study the SPV by monitoring the shift of the photoemission peaks position upon in situ illumination of the samples. As compared with traditional Kelvin probe measurements, SPV obtained by XPS contains additional chemical information. 13, 31, 32 Figure 4 shows the ultrahigh-vacuum Al Kα photoemission spectrum in the Bi 4f 7/2 region of an asprepared (no preirradiation) CuBi 2 O 4 electrode sample ( Figure 4A ) and that of the same sample after in situ irradiation for 1 h with a 455 nm LED (2.72 eV, 40 mW/cm 2 ) ( Figure 4B ). The lines in red are the spectra of the sample under illumination with the same 455 nm LED (2.72 eV, 40 mW/cm 2 ). It can be seen that for the as-prepared sample there is a negative shift of the Bi 4f 7/2 core line by ΔBE = −0.07 eV upon illumination. This photoresponse increases in magnitude to −0.27 eV after inducing reduced surface Cu states by in situ irradiation at the same wavelength for 1 h. The recorded negative shift in binding energy corresponds to a surface photovoltage of 0.07 and 0.27 V before and after the surface photoreduction process, respectively.
As shown in Figure S4 , similar shifts occur in O 1s and Cu 2p levels. As is also shown in the Supporting Information (Figure S4 ), the shift of the spectral peak position under illumination is reversible. The magnitude of the binding energy shift of any core line can be used to determine the SPV of the sample. We use mainly the Bi 4f 7/2 core line in this work because of its high intensity and low fwhm. The illumination time was limited to the spectrum acquisition time (∼40 s) to minimize effects of extra photoreduction as described above.
This increase in SPV accompanies surface photoreduction of CuBi 2 O 4 and further confirms the formation of a pronounced surface-state-induced downward band bending after irradiating this semiconductor with hν ≥ 2.7 eV. This can be perceived as an in situ formation of a p−n homojunction by irradiation preconditioning that leads to enhanced photovoltaic properties, improving in particular charge carrier transport properties. We therefore assign the improved photoresponse of the preirradiated CuBi 2 O 4 cathode described above (Figure 1 ) to the enhanced photovoltaic properties induced by the in situ generation of reduced Cu surface states.
To further confirm the relationship between PEC performance and surface modification induced by preirradiation, we studied the wavelength dependence of the PEC performance enhancement upon preirradiating of CuBi 2 O 4 photocathodes. Figure S6 shows the effect of preirradiating the sample with different photon energies provided by the same light-emitting devices used in the XPS study. While an increase of up to 25% in the PEC performance is observed for a sample preirradiated with the 455 and 365 nm LEDs, the beneficial effect is negligible when the photocathode is preirradiated with the 625 nm LED, which correlates well with the evolution of the surface energetics upon irradiation of CuBi 2 O 4 observed in the XPS study. Although the conditions of the electrode in the UHV and in the electrolyte are substantially different, the correlations we observe in the PEC and XPS studies strongly suggest that the modulation of the surface chemistry and energetics characterized by XPS should play a major role in the PEC performance enhancement of CuBi 2 O 4 .
The beneficial effect of UV−vis preirradiation conditioning on the performance of photoelectrode devices has been shown for other systems. For BiVO 4 -based photoelectrodes, preirradiation has been reported to induce the formation of surface states that lead to a substantial improvement of its photoelectrochemical properties. 33 UV−vis irradiation processing of TiO 2 has also been used to increase its properties as electron transport layer in perovskite solar cells. 34 Similarly, our results show preirradiation conditioning of CuBi 2 O 4 -based photoelectrodes leads to improvement of their performance due to the in situ formation of a downward band bending induced by reduced surface Cu.
Effect of Near-Ambient Chemical Environment on Surface Chemistry and Photovoltage. We studied the nature and stability of surface Cu associated with the enhanced photovoltaic properties of CuBi 2 O 4 by means of near-ambient pressure photoemission spectroscopy (NAP-XPS). The NAP-XPS system is equipped with a 405 nm laser source with a 4 mW output power spread over 3 mm spot size, delivering therefore ∼85 mW/cm 2 illumination intensity at the sample. A higher beam intensity compared to the LED sources provides easier observation of the studied illumination-induced 
Article phenomena. Figure 5 shows the SPV at 405 nm, as measured by the shift of the Bi 4f 7/2 peak, of a CuBi 2 O 4 sample previously irradiated with the same 405 nm laser source in UHV for 1 h. It is shown in Figure 5 how the SPV of the sample observed in UHV changes in the presence of 2 mbar of argon, 2 mbar of methanol, or 2 mbar of oxygen. Spectra were taken 5 min after each gas was dosed. Whereas the presence of argon or methanol vapor does not bring about any significant change to neither the XPS nor the SPV of the sample, oxygen has a pronounced effect shifting the photoemission spectrum to lower BE and reducing the SPV value from 0.38 to 0.20 V. As an inert gas, the presence of argon is not expected to cause any significant change to the surface chemistry of solids as compared to UHV conditions. We use the XPS data in argon as a reference for the XPS data in the presence of other more reactive gases. On the other hand, methanol and oxygen are electron donor (nucleophilic) and electron acceptor (electrophilic) species, respectively, and therefore the presence of these species may influence the chemistry and electronic properties of materials. Surface photoreduction caused by irradiation in vacuum (as described in detail above) provides CuBi 2 O 4 with high surface electronic density, which favors interactions with electrophilic reactants, like oxygen, and disfavors the interaction with nucleophilic species, like methanol. In this sense, it is reasonable to find in our results that there are no significant changes to the XPS and SPV of the CuBi 2 O 4 samples in the presence of methanol as the surface interaction should be very poor. On the other hand, the interaction with electrophilic molecular oxygen is expected to be very strong, and hence we observe a marked shift of the photoemission spectrum toward lower BE and a decrease of the SPV of the sample.
It is well-known that the adsorption of an electron acceptor molecule, like O 2 , leads to transfer of electrons from semiconductors such as TiO 2 , causing the energy bands to bend upward. 15, 35 In our particular case, the interaction with oxygen also leads to transfer of electrons from the photoreduced CuBi 2 O 4 surface to O 2 , causing a decrease of the downward band bending, which can be followed by the shift toward lower BE of the photoemission in the presence of oxygen. This decrease of the band bending detrimentally affects charge carrier diffusion, which can be observed by the decrease of the observed SPV of the sample in oxygen.
We performed a further NAP-XPS experiment to study the effect of extended exposure to oxygen on the SPV and surface chemistry of CuBi 2 O 4 . The bottom panel of Figure 6 shows the ultrahigh-vacuum Al Kα photoemission spectrum in the Cu 2p 3/2 and Bi 4f 7/2 regions of an as-prepared (no preirradiation) CuBi 2 O 4 electrode sample and that of the same sample after in situ irradiation for 1 h with a 405 nm laser (3.05 eV, 85 mW/ cm 2 ). The plot of the Bi 4f 7/2 region also shows a shift of the spectrum upon illumination (red line), i.e., the SPV of the sample. The characteristic surface photoreduction along with an increase of the SPV can be appreciated from these spectra after in situ irradiation of the sample. The photoreduced sample was subsequently exposed to 2 mbar of O 2 for 1 h in darkness, followed by another 1 h in O 2 under illumination with a 405 nm laser source. We recorded XP spectra in 2 mbar 
Article of O 2 after these two treatments, and the Cu 2p 3/2 and Bi 4f 7/2 regions are shown in Figure 6 . As highlighted in the figure, a 1 h exposure to oxygen causes full reoxidation of copper species previously formed by illumination in UHV. The reoxidation of the surface species also leads to a great decrease of the SPV of the sample, which further confirms the important role of these reduced surface species in the photovoltaic properties of CuBi 2 O 4 . Our results also show that further in situ irradiation with a 405 nm laser in the presence of O 2 does not induce any significant changes in neither the XPS nor SPV of the sample. As discussed above, the surface photoreduction of CuBi 2 O 4 is associated with the formation of O 2− vacancies according to eq 2. The presence of molecular O 2 disfavors the forward progress of reaction described in this equation (O 2 is a product of V O ·· formation), thereby preventing the formation of surface electron donor defects so that acceptor levels at the surface CuBi 2 O 4 remain stable even under intense irradiation. Compensation of surface acceptor defects is a key factor in the generation of downward band bending. Therefore, by preventing the surface photoreduction of CuBi 2 O 4 , molecular O 2 inhibits the formation of surface-state-induced downward band bending, so that no sample potential shift or SPV increase is observed in this case. Hydrogen peroxide is also a highly oxidizing species, which may have a detrimental effect on the SPV of CuBi 2 O 4 photocathodes. In this sense, as shown in Figure S7 , the initial enhancement to the PEC performance brought by the irradiation preconditioning of CuBi 2 O 4 photocathodes is decreased after prolonged time in contact with the electrolyte containing 50 mM H 2 O 2 , which is known to be an oxidizing species. Finally, the top panel of Figure 6 shows the UHV Al Kα photoemission spectrum in the Cu 2p 3/2 and Bi 4f 7/2 regions of the same CuBi 2 O 4 electrode sample after O 2 exposure. XPS and SPV of the sample remain similar to that of the as-prepared samples as long as it is not irradiated in vacuum or argon. Although the oxidizing conditions from the near-ambient pressure of O 2 in the chamber are certainly different from that in the electrolyte, the fact that oxidizing conditions detrimentally affect both SPV and PEC enhancement strongly suggests that the modulation of the surface reduction and associated energetics play a major role in the performance enhancement of CuBi 2 O 4 .
Energetics of the Cu/CuBi 2 O 4 Buried Interface. We have shown above that reduced copper surface species in CuBi 2 O 4 photocathodes lead to better photovoltaic properties, which is related to improved transport of photogenerated charge carriers. This suggests copper may be a good choice of electric contact for CuBi 2 O 4 -based photoelectrodes. In this sense, we performed a study of the Cu/CuBi 2 O 4 buried interface. To this end, we deposited thin Cu overlayers by physical vapor deposition (PVD) with a nominal thickness of 8 nm on CuBi 2 O 4 electrodes. At this thickness, sufficient photoelectron signals from buried CuBi 2 O 4 can still be measured, in particular that of Bi 4f because of its large intrinsic intensity. Our experimental setup allows us to discriminate the Cu deposition area, so that we can comparatively study buried and bare areas of The formation of a downward band bending upon Cu deposition may have important implications in the efficiency of CuBi 2 O 4 -based photoelectrodes for photovoltaic cells or solar fuel generators. The performance of this type of devices is largely determined by the optimum charge transfer across the interfaces of the layer stack. Additionally, Cu/CuBi 2 O 4 may also bring chemical functionality similar to that of Cu/Cu 2 O, where the metal/semiconductor interface has been shown to play an important role in the activity and selectivity in the photoelectrochemical reduction of CO 2 . 36, 37 ■ CONCLUSIONS We have found that preirradiation of CuBi 2 O 4 with hν ≥ 2.7 eV in inert atmospheres causes reduction of the material. On the basis of angle-dependent X-ray photoemission experiments, we showed that the photoreduced species are localized at the surface of the material. Surface photoreduction of CuBi 2 O 4 leads to the formation of a surface-state-induced downward band bending, which improves the charge carrier transport properties of the material as judged by a measured increase of the characteristic surface photovoltage and an increase of the PEC performance toward H 2 O 2 reduction. Using near-ambient pressure photoemission spectroscopy, we clearly identified the important role of photoreduced surface states in the surface photovoltage and improved photovoltaic properties of CuBi 2 O 4 . An XPS study of the Cu/CuBi 2 O 4 interface buried indicated the formation of a built-up potential that leads to a downward band bending similar to that observed after surface photoreduction. Preirradiation conditioning or the use of metallic copper as electric contact in CuBi 2 O 4 -based photoelectrodes should be considered as a novel and easy-to-apply 
Article method to improve performance. Our study focuses on CuBi 2 O 4 , yet our findings and insights may be used to understand and design preparation methods for other copper oxide-based photoelectrodes.
■ EXPERIMENTAL SECTION
Sample Preparation. Samples were prepared by a spin-coating technique. Bismuth nitrate pentahydrate (3.2340 g, Aldrich, ≥99.99%) and copper nitrate trihydrate (0.8052 g, Aldrich, 99.999%) were dissolved at a 1:1 mole ratio in acetic acid (Fischer Scientific, analytical grade) diluted 50% v/v in distilled water to yield 5 mL of a solution with 2 M total metal concentration. This solution was further diluted with 2.5 mL of 2-methoxyethanol, and the resulting solution was used to spin-coat 2 cm × 2 cm size fluorinedoped tin oxide (FTO) substrates at 3000 rpm. Prior to coating, the substrates were cleaned by ultrasound rinsing in acetone and then ethanol, followed by a UV/ozone cleaning treatment for 10 min. After coating, substrates were dried in a convection oven at 200°C. This led to amorphous films that were calcined for 5 h at 500°C to form single-phase CuBi 2 O 4 . One coat-drying cycle was enough to produce homogeneous films, whose thickness can be increased by increasing the number of cycles. The studies presented in this report were done using one-cycle thin films for the photoemission experiments and four-cycle thin films for the photoelectrochemical tests. The 2 cm × 2 cm samples were subsequently cut into four 1 cm × 1 cm samples.
X-ray Diffraction, Scanning Electron Microscopy, and UV− Vis Spectroscopy. X-ray diffractograms were recorded with a Bruker D2 PHASER diffractometer using Cu Kα radiation. UV/vis spectra were taken by using a PerkinElmer Lambda 950. The thin film samples were measured in transmission mode by using a piece of bare FTO substrate as reference and blank. SEM images were obtained with a FEI Quanta 200 scanning electron microscope.
Photoemission Spectroscopy. X-ray photoemission spectra (XPS) were taken with a Thermo Scientific K-Alpha spectrometer using a 72 W monochromated Al Kα source (hν = 1486.6 eV). The X-rays are microfocused at the source to give a spot size on the sample of 400 μm in diameter. The analyzer is a double focusing 180°h emisphere with mean radius of 125 mm. It is run in constant analyzer energy (CAE) mode. The pass energy was set to 200 eV for survey scans and 50 eV for high-resolution region scans. All spectra were calibrated with respect to the Au Fermi level. In situ UV/vis illumination of the samples was done with a four-color LED source (Thorlabs LED4D) hosting a 625 nm LED (1.98 eV, 40 mW/cm 2 ), a 530 nm LED (2.34 eV, 10 mW/cm 2 ), a 455 nm LED (2.72 eV, 40 mW/cm 2 ), and a 365 nm LED (3.40 eV, 15 mW/cm 2 ). With a 30 cm focus length, the total illumination area at the sample was about 2 cm 2 . To avoid photoreduction by the X-ray source, the selected analysis spot on the sample was shifted after each irradiation treatment. Additionally, the core lines of interest, Bi 4f, Cu 2p, and O 1s, were recorded within 4 min under the X-ray beam.
Near-ambient pressure photoemission spectra were recorded on a lab-based spectrometer (SPECS GmbH, Berlin) using a monochromated Al Kα source (hν = 1486.6 eV) operating at 20 W. The X-rays are microfocused at the source to give a spot size on the sample of 300 μm in diameter. The analyzer is a SPECS PHOIBOS 150 NAP, a 180°hemispherical energy analyzer with 150 mm mean radius. The entrance to the analyzer is a nozzle with a 300 μm diameter orifice. The analyzer is run in fixed analyzer transmission (FAT) mode. The pass energy was set to 40 eV for survey scans and 20 eV for highresolution regions. All spectra were calibrated against the Au Fermi level. In situ illumination of the sample was done with a 405 nm diode laser source with 4 mW output power spread over about 3 mm spot size, delivering therefore roughly 85 mW/cm 2 illumination intensity on the sample. To avoid photoreduction by the X-ray source, the selected analysis spot on the sample was shifted after each irradiation treatment. Because of the significantly longer acquisition times in the presence of gases (2 mbar) estimation of surface photovoltage was only done by following the shift of the Bi 4f core line.
Cu Physical Vapor Deposition. Patterned Cu overlayers (Alfa Aesar, 99.9999%) with 8 nm nominal thickness were deposited with a deposition rate of 1 Å/s on the CuBi 2 O 4 photoelectrodes by using physical vapor deposition with a resistive heat source (at ∼5 × 10 −7 mbar). The samples were kept in a nitrogen-filled glovebox before and after the deposition and characterized without any air exposure.
Photoelectrochemical Characterization. The electrolyte was prepared by mixing equal parts of 0.1 M potassium phosphate monobasic (Sigma-Aldrich, ≥99.0%) and 0.1 M potassium phosphate dibasic dihydrate (Sigma-Aldrich, ≥99.0%). The resulting electrolyte solution had a measured pH of 6.85. The sample was placed in a PEC cell (Zahner model PECC-2) with a 3 mm diameter opening and 10 mL total electrolyte volume. 50 μL of hydrogen peroxide (Sigma-Aldrich, 30 wt % in H 2 O) was added to the electrolyte in the cell and stirred thoroughly just before PEC measurements. Photoelectrochemical measurement were performed on a Zahner Elektrik GmbH impedance measurement unit (Model IM6), using a white lightemitting diode (LED) lamp with maximum intensity at 565 nm and 100 mW/cm 2 intensity at the sample. For the three-electrode measurements of CuBi 2 O 4 photocathodes, the counter electrode was a Pt wire with excess surface area, and the reference electrode was an Ag/AgCl (3 M NaCl). Electrochemical potentials were converted to the reversible hydrogen electrode (RHE) scale considering the calibrated potential of the Ag/AgCl (3 M NaCl) electrode: +0.241 V and the measured pH 6.85. 
